Recently, the large CP asymmetries in B ± → π ± π + π − decays were found by the LHCb Collaboration to localize in the region m 2 π + π − < 0.4 GeV 2 . We find such large localized CP asymmetries may be due to the interference between a light scalar and ρ 0 (770) intermediate resonances. Consequently, we argue that the distribution of CP asymmetries in the Dalitz plots of three-body B decays could be very helpful for identifying the presence of the scalar resonance.
PACS numbers: 11.30.Er, 13.25. Hw, 14.40.Nd Recently, the LHCb Collaboration found clear evidence for direct CP violation in some three-body decay channels of B mesons such as B ± → π + π − π ± and
. Intriguingly, large direct CP asymmetries wrere found in some localized phase spaces of the two decay channels. For B ± → π + π − π ± , the CP asymmetry in the region m A CP = +0.622 ± 0.075 ± 0.032 ± 0.007,
while in the region m In this paper, we will show that the localized large CP asymmetry may arise from the interference between intermediate ρ 0 and another scalar meson nearby in the three-body decays.
It is known that the scalar resonance is very difficult to identify because of its large width. In the following, we will show that the localized CP asymmetries could be very helpful for identifying a scalar resonance which interferes with the vector one nearby. We will consider a B meson weak decay process, B → M 1 M 2 M 3 , where M i (i = 1, 2, 3) is a light pseudoscalar meson. If this process is dominated by a resonance X in a certain region of its Dalitz plot, then it will be very difficult to tell whether another resonance exists close to X. We assume that X is a vector meson, the possible resonance Y nearby is a scalar meson, and both X and Y decay to M 1 M 2 . The amplitude for B → M 1 M 2 M 3 around the Y resonance region can be expressed as
where δ is a relative strong phase, M X and M Y are the amplitudes for
, respectively, and they take the form
In the above two equations, s ij (i, j = 1, 2, 3) is the invariant mass squared of mesons M i and M j , g X(Y ) is the effective coupling constant for the strong decay
is the reciprocal of the propagator of X (Y ) which takes the form
, T X(Y ) and P X(Y ) are the tree and the penguin amplitudes for the decay
with ε being the polarization vector of the meson X [6], δ X,Y are the relative strong phases between the tree and the penguin amplitudes, φ is the weak phase, andŝ 13 is the midpoint of the allowed range of s 13 , i.e.,ŝ 13 = (s 13,max + s 13,min )/2, with s 13,max and s 13,min being the maximum and minimum values of s 13 for fixed s 12 . One can check that
(5) The second term in Eq. (5) is small compared with the first one, since usually (m
Throughout this paper, we will denote the momentum, the mass, and the decay width of a particle X by p X , m X , and Γ X , respectively.
As aforementioned, we will focus on the region around the Y resonance, i.e., m Y − ∆ 1 < √ s 12 < m Y + ∆ 2 , where ∆ 1 and ∆ 2 are of the order of Γ Y . We also require that
, so that these two resonances have competitive contributions in this region.
For the region of phase space (denoted by ω) where the two amplitudes M X and M Y are competitive, the direct CP violation parameter is found to be
where
withδ = δ + arg(s X ) − arg(s Y ), and
and similar definitions forP X andP Y . From Eqs. (3) and (4), one can easily check the following relations,
wheres 13 = 2ŝ 13 −s 13 . These relations allow us to divide naturally the region around the Y resonance into two parts: Ω andΩ, where Ω is for s 13 >ŝ 13 andΩ is for s 13 <ŝ 13 . From Eqs. (13) and (14), we can derive the following relations between Ω andΩ phase spaces:
Besides the CP violation in Eq. (6), we define four other quantities
where all the N 's (N 's) are the event numbers of
in the corresponding phase space. With Eqs. (15) and (16), one can easily check
Note that R − is independent of the weak phase φ and |R + | < 1 by definition. So far, we have six quantities: A Ω CP , AΩ CP , R ± , and W ± , but only three of them are * Email: zhangzh@iopp.ccnu.edu.cn † Email: xhguo@bnu.edu.cn ‡ Corresponding author, Email: yangyd@iopp.ccnu.edu.cn independent. Alternatively, the CP violations in phase spaces Ω andΩ read
One can see that the CP asymmetries in these two regions can be very different because of the existence of the antisymmetric terms A Ω ± under the interchange of Ω andΩ. These antisymmetric terms exist because the two resonances X and Y have different spins. If both X and Y have the same spin, then A Ω ± ≡ AΩ ± , and one would observe that the CP asymmetries in the two regions equal each other. One may argue that we cannot exclude the possibility that the CP violations may be the same in phase spaces Ω andΩ even if X and Y are vector and scalar mesons, respectively. This is indeed true, and the CP asymmetry difference between Ω andΩ cannot be used as a probe of the scalar resonance in this situation. However, both R − and R + become good probes. The nonzero values of R − and R + will imply the presence of the scalar resonance Y . One can check that if Y is a vector resonance, then both R + and R − equal zero. Furthermore, there is also an alternative criteria that can be used to identify the resonance of Y . Since the amplitude M X becomes very small when s 13 is close tô s 13 , the amplitude M Y will be dominant over M X , and then one should observe a larger density of events when s 12 ∼ m 2 Y than when s 12 ∼ m 2 X , on the condition that s 13 is close toŝ 13 [7] .
We have used the transverse approximation for the propagator of the vector meson X. The numerator of the propagator of X is g µν − k µ k ν /s 12 (up to a phase factor) with k = p M1 + p M2 . This has a different offshell behavior from the propagator for a pointlike vector particle, g µν − k µ k ν /m 2 X . In fact, since hadrons are not pointlike particles, one inevitably confronts this kind of ambiguity when dealing with vector mesons. If we instead use the latter form of the propagator for the vector resonance, we should add toŝ 13 in Eq. (11) with a term
When s 13 is far away fromŝ 13 , this term is small compared with s 13 −ŝ 13 . It only becomes comparable with
We want to mention the following two special cases: Case 1 : Both δ X and δ Y are very small, but δ is not small. In this situation, both S Case 2 : All the three strong phases δ X , δ Y , and δ are very small. In this situation, the CP violation parameters in both regions will be very close to zero. Then, one cannot identify the presence of Y just through the measurement of CP violation parameters. However, one can still identify the presence of Y by measuring R + . The nonzero value of R + indicates the existence of
In the above discussion, we have assumed that X and Y are vector and scalar mesons, respectively. One can arrive at a similar conclusion by reversing their spins. Our analysis can also be generalized to situations when both X and Y have arbitrary spins. If X is a resonance with spin J, the corresponding amplitude M X would be proportional to (s 13 −ŝ immediately concludes that there is a resonance with spin 0 lying in the region s L < 0.4 GeV 2 . From PDG [8], we know that this particle could be f 0 (500). In the following, we will show that by including the amplitudes for
± , the observed CP violation behavior can be understood.
We assume that the two amplitudes of as
where f 0 represents f 0 (500) and M B − →π − ρ and M B − →π − f0 are the amplitudes for B − → π − ρ and B − → π − f 0 , respectively. With the effective Hamiltonian for the weak transition b → qqd [9] , one can obtain the decay amplitudes for B → ρπ and B → f 0 (500)π, which can be expressed as (a common factor G F / √ 2 has been neglected)
where all the a i 's are built up from the effective Wilson coefficients C ′ i s, and take the form a i = C [10] . For example,
These matrix elements can be parametrized as the products of decay constants and form factors. For numerical results, we use F B→π 1 (0) = 0.25 and A B→ρ 0 (0) = 0.28 [11] . We also simply set F B→f0 (0) = 0.3. Terms containing d 1 and d 2 come from annihilation terms, which are proportional to
− ) . Usually, annihilation terms are suppressed by at least a factor Λ QCD /m b , so that one can neglect them safely. However, there are also annihilation terms that are enhanced by a chiral factor, m
. This kind of term should be taken into account with proper parametrization. According to our parametrization, d 1 and d 2 should be, at most, order one. Because of multiple soft scattering, annihilation diagrams may also give rise to strong phases. This explains the appearance of δ 1 and δ 2 . For the effective Wilson coefficients, we will adopt the set of coefficients in Ref. [12] .
We have the following five free parameters: δ, d 1 , δ 1 , d 2 , and δ 2 . Since d 1 and δ 1 are related to the chiral enhancement, this makes them potentially sensitive to the branching ratio of B + → ρ 0 π + . Thus, these two parameters can be constrained by the experimental data for the branching ratio of B + → ρ 0 π + . We use the following experimental data to determine the allowed region for d 1 and δ 1 [8]:
The results are shown in FIG. 1. For given allowed values of d 1 and δ 1 , we should determine the allowed regions for the other three parameters with the aid of the data,
In Table I , we show the allowed regions of δ, d 2 , and δ 2 for given values of d 1 and δ 1 . Note that the allowed regions of these three parameters are in fact correlated. What we show in the table are actually the largest ranges. The correlated allowed region of these parameters is a subset of the direct combined region shown in Table I . The change of input parameters may change the allowed regions of the parameters shown in Table I , but it does not change the conclusion that the large CP asymmetry difference between phase spaces Ω ′ andΩ ′ is caused by the interference of ρ 0 and f 0 (500). We also anticipate that R ± should be nonzero, and this can be checked by the data very easily. Because AΩ ′ CP (so that AΩ CP ) is very small, we also predict that R − is a little bit larger than 1.
We confronted two resonances during our calculations, ρ 0 (770) and f 0 (500). The masses and total decay widths of these two resonances in our numerical calculation are (in GeV) [8] m ρ 0 (770) = 0.775, Γ ρ 0 (770) = 0.149, m f0(500) = 0.500, Γ f0(500) = 0.500.
Since the nature of f 0 (500) is not known yet, our numerical calculation here should be regarded as an estimation. We also used the factorization hypothesis during our calculations of amplitudes corresponding to the two intermediate resonances, ρ 0 and f 0 (500). Since the ρ 0 meson is not on the mass shell, the calculation with this hypothesis is clearly not accurate. However, since the interested area of the phase space is not far away form the ρ 0 mass shell, the factorization hypothesis is still good enough for an estimation.
In summary, we have shown that the interference of two intermediate resonances with different spins can result in a CP violation difference in the corresponding phase space, which can be used as a method to identify the scalar resonance that is close to a vector one. With this method, we show that the recently observed large CP asymmetry difference in B ± → π ± π + π − decays localized in the region m π + π − < 0.4GeV 2 indicates the existence of a scalar resonance, which can be identified as f 0 (500). 
